Abbreviation Key: B = broiler; ECG = electrocardiogram; J = Giant Jungle Fowl; PH = pulmonary hypertension; PHS = pulmonary hypertension syndrome; R′R′ b = peak of R′ to base of R′; R b R = base of R to the peak of R; RS = peak of R to base of S; RV:TV = right:total ventricular ratio; SR′ = base of S to peak of R′; ST = base of S to peak of T. 
INTRODUCTION
Broilers develop pulmonary hypertension (PH, elevated pulmonary arterial pressure) and pulmonary hypertension syndrome (PHS, ascites) after one extrapulmonary primary bronchus is occluded, whereas the same technique does not cause PHS in Giant Jungle Fowl (Wideman et al., 1996b Hughes et al., 1997) . The resistance of Giant Jungle Fowl to the induction of PHS has been attributed to their relatively slow rate of growth coupled with cardiopulmonary characteristics that are superior to those of broilers (Wall and Anthony, 1995; Hughes et al., 1997; Wideman et al., 1998a) . When compared with broilers on a BW basis, the lungs of Giant Jungle Fowl are able to accommodate a higher cardiac output at an equivalent pulmonary arterial pressure by maintaining a lower pulmonary vascular resistance (Wideman et al., 1998a) . The fast growth of modern broilers incurs a sustained increase in cardiac output that must be propelled by the right ventricle through the pulmonary vasculature. Increase in either cardiac output or pulmonary vascular resistance causes hypertrophy of the right ventricle as it performs additional work to develop an elevated pulmonary arterial pressure (Wideman and Bottje, 1993) . Consequently, an increase in the right:total ventricular weight ratio (RV:TV) reliably reflects the onset of PH leading to PHS (Burton et al., 1968; Cueva et al., 1974; Huchzermeyer and DeRuyck, 1986; Hernandez, 1987) .
Electrocardiography serves as a noninvasive procedure for assessing the onset of right ventricular hypertrophy. Typically, a reduction in heart rate coupled with increasingly negative S wave amplitudes and diminishing R waves in the electrocardiogram (ECG) Lead II (right wing to left leg) are diagnostic for elevated RV:TV ratios in broilers developing PHS (Owen et al., 1990 (Owen et al., , 1995a Odom et al., 1991 Odom et al., , 1992 Wideman et al., , 1997 Wideman et al., , 1998b Wideman and Kirby, 1996) . In the present study, Lead II ECG were evaluated for Giant Jungle Fowl (J × J), broilers (B × B), and their reciprocal crosses (B × J and J × B) that were either sham operated or in which one extra-pulmonary primary bronchus was occluded to induce PH. The objective was to identify every aspect of the Lead II ECG wave form (amplitude or duration) that can be correlated with right ventricular hypertrophy (increased RV:TV ratios) indicative of PH across a broad genetic background. By the termination of the experiment, 68% of the B × B and less than 2% of the B × J, J × B, or J × J developed PHS (Hughes et al., 1997) ; consequently, only the ECG of birds that did not develop PHS are compared in the present study.
MATERIALS AND METHODS
Semen pooled from Hubbard 3 Line 10 males was used to inseminate Hubbard Line 66 females (B × B) and Giant Jungle Fowl females (B × J). Likewise, semen pooled from Giant Jungle Fowl males was used for inseminating Hubbard Line 66 females (J × B) and Giant Jungle Fowl females (J × J). The Giant Jungle Fowl were obtained from a closed flock maintained at the University of Arkansas (Gyles et al., 1967) . The chicks were reared on fresh wood shavings litter in environmental chambers (8 m 2 floor space). During Weeks 1 and 2, they were brooded at 32 and 30 C, respectively, and the temperature was held at 24 C thereafter. A corn-soybean meal-based broiler ration and water were provided for ad libitum consumption throughout the experiment. The diet was formulated to meet or exceed minimum NRC (1984) standards that included 22.7% CP, 3,059 kcal ME/kg, 1.5% arginine, and 1.43% lysine (Wideman et al., 1996a (Wideman et al., ,b, 1997 .
Chicks were randomly assigned to bronchus clamp or sham-operated groups at 14 to 15 d of age. The surgical procedure has been described in detail (Wideman and Kirby, 1995, 1996; Wideman et al. 1996a,b; 1997) . Briefly, birds were anesthetized to a surgical plane with intramuscular injections of a 1:1 mixture of Ketamine HCl (Ketaset, 4 100 mg/mL) and Xylazine (Rompun, 5 100 mg/mL). The skin of the thoracic inlet was swabbed with an iodine disinfectant, and lidocaine (2%) was infiltrated intracutaneously along the midline of the thoracic inlet as a supplemental local anesthetic. The thoracic inlet was opened and a silver clip was positioned to fully occlude the left extra-pulmonary primary bronchus (bronchus clamp group). Shamoperated chicks were anesthetized and the thoracic inlet was opened; however, the bronchi remained unoccluded (sham group). Surgical incisions were sealed with stainless steel wound clips, sprayed with furazolidone antibacterial powder, and the birds were then placed under a heat lamp until they recovered from anesthesia.
Body weights were recorded at 28 and 42 d of age and standard ECG were recorded at the same ages using a Biopac MP100 data acquisition system, ECG100A amplifiers, and Acknowledge software. 6 The ECG recordings were obtained from unanesthetized birds restrained in dorsal recumbency with the wings and legs extended. Electrode gel 7 was applied to the skin before alligator clip electrodes were positioned at the base of the wings and the base of the left leg using standard ECG limb lead configurations, as described previously (Wideman and Kirby, 1996) . Birds that died were necropsied on the day of death. The broilers and Giant Jungle Fowl grow at different rates; therefore, B × J, J × B, and J × J birds were euthanatized when they reached a common BW of 2,000 g, to partially accommodate the influence of absolute body mass on the incidence of PH and PHS. All B × B birds alive on Day 49 and all J × J, B × J, and J × B birds still alive on Day 63 were euthanatized with CO 2 gas and necropsied. Data collected at necropsy included the presence or absence of ascites, sex, final BW, and ventricular weights for calculating the RV:TV ratio. Birds were determined to have ascites when fluid accumulation in the abdomen was evident; otherwise, they were assumed to be clinically healthy. Unlike previous studies (Wideman and Kirby, 1996) , birds were not screened for growth rate or erratic or arrhythmic ECG prior to inclusion in the present study.
Birds derived from Giant Jungle Fowl developed a low incidence of ascites (frequency of ascites: J × J = 0.0%; J × B = 0.9%; B × J = 1.45%; B × B = 68.1%), therefore only clinically healthy birds from which a "complete" data set (sex, RV:TV, and at least one ECG) had been recorded were included in the analysis. The first three consecutive Lead II ECG wave cycles for each bird were quantified using Acknowledge software. 6 The P wave usually was fused with the T wave and therefore was not discernible in the majority of cases, as reported previously for unanesthetized chickens (Sturkie, 1949 (Sturkie, , 1986 Kisch, 1951; Odom et al., 1991; Owen et al., 1995c; Wideman and Kirby, 1996) . The specific amplitude and duration measurements obtained from each ECG wave form are illustrated in Figure 1 , including: R b to R, R to S, S to R′, R′ to R′ b , and S to T (hereafter referred to as R b R, RS, SR′, R′R′ b and ST, respectively). The S wave FIGURE 1. Electrocardiogram with specific waves and measurements identified. The specific waves measured, for both amplitude and duration, were base of R to peak of R (R b R), peak of R to base of S (RS), base of S to peak of R′ (SR′), peak of R′ to base of R′ (R′R′ b ), and base of S to peak of T (ST).
amplitude was calculated by subtracting RS from R b R (Wideman and Kirby, 1996) . All figures were created using the simple spline curve option in SigmaPlot ® (Jandel Scientific, 1994) to depict the generalized pattern for each ECG wave form. Figures 2 to 4 are accompanied by a table providing the mean value and standard error of the mean for each amplitude and duration. The heart rate was calculated in beats per minute (bpm) based on the duration recorded from the peak of one T wave to the peak of the next T wave. After verifying that the major source of variance within the cumulative data set arose from variability between birds and not from beat to beat variability for individual birds, the data acquired from the three consecutive wave cycles were averaged for each bird. The data were then analyzed using general linear models, stepwise multiple linear regression, and ANOVA. Where appropriate, mean separation tests were conducted using Tukey's studentized range test (HSD) or contrasts. Regression equations were selected using the stepwise approach with entry into and exit from the model set at P < 0.40 and P < 0.05, respectively. The regression equations were assessed using R 2 .
RESULTS AND DISCUSSION
A profile of the data set is provided in Table 1 . Genetic cross, surgery group, gender, and total number of birds are shown, as are the averages plus standard error of the mean for 28-d BW, 42-d BW, and RV:TV. In all crosses, males had larger Day 28 and 42 BW than females. With one exception (B × J), the RV:TV ratios were similar for males and females. At both 28 and 42 d, the sham birds were heavier than the bronchus clamp birds in B × B and B × J, but not in J × B or J × J. The reduction in growth rates coincident with the onset of PH and systemic hypoxemia in broilers presumably reflects the inability of a compromised cardiopulmonary system to fully support growth-related increments in the metabolic demand for oxygen (Owen et al., 1990 (Owen et al., , 1995a Wideman and Kirby, 1995, 1996; Wideman et al., 1997 Wideman et al., , 1998b . Evidently, unilateral bronchus occlusion did not challenge the cardio-pulmonary capacity for oxygen delivery in the J × B and J × J crosses. The relative resistance of Giant Jungle Fowl to PH and hypoxemia is further supported by the observation that RV:TV ratios were higher in bronchus clamp than in sham birds for B × B, B × J and J × B crosses, but not the J × J cross (Table   1 ).
The levels of significance associated with surgical and sex differences for 28-d and 42-d ECG, within a genetic cross, are summarized in Table 2 . In the B × B and B × J crosses there were few gender differences relative to the number of surgical differences, with males consistently having longer ECG ST durations than females. Sex differences were more numerous than surgical differences within the J × B and J × J crosses, with males consistently having larger ECG ST amplitudes and longer ST durations (P = 0.096 for J × J, 28-d ECG). The J × B males had a faster HR than J × B females, whereas no sex differences in HR were detected for J × J. The male J × J birds exhibited consistently elevated ECG RS, S, and SR′ amplitudes when compared with J × J females on both sampling days. Across all four crosses and both ECG recordings, males had longer ST durations than females (Table 2) . Previous reports that adult male chickens have larger amplitudes for all ECG wave segments than adult females (Sturkie and Hunsaker, 1957) are supported in the current study by the sex comparisons within the J × J and J × B crosses, but not within the B × B or B × J crosses.
The ECG differences attributable to surgical treatment (sham vs bronchus clamp) were more numerous in the B × B and B × J birds than in J × B and J × J birds. During ECG1, the B × B and B × J bronchus clamp birds consistently had larger ST amplitudes and longer RS durations than sham birds. The HR was slower for bronchus clamp than for sham birds of the B × B cross but not the B × J cross. During 42-d ECG, the bronchus clamp birds of the B × B and B × J crosses consistently exhibited larger absolute RS, S, SR′, R′R′ b and ST amplitudes, a smaller R b R amplitude, and a longer R′R′ b duration. In contrast, ECG differences were not observed between surgical groups for the J × B and J × J crosses during 28-d ECG, or for the J × J cross during 42-d ECG. The increases in absolute ST and S wave amplitudes coupled with a reduction of the R b R amplitude (Table 2) are consistent with the induction of pulmonary hypertension and elevation of RV:TV ratios (Table 1) in the bronchus clamp birds of the B × B and B × J crosses (Owen et al., 1990 (Owen et al., , 1995a Odom et al., 1991 Odom et al., , 1992 Wideman and Kirby, 1996; Wideman et al., , 1997 Wideman et al., , 1998b .
The trends shown in Table 2 reflect a paternal pattern of inheritance, with crosses sired by broilers having ECG differences predominantly influenced by surgical treat- a,b Surgical effects; means within a column and genetic cross with no common superscript differ significantly (P < 0.05).
x,y Sex effects; means within a column and genetic cross with no common superscript differ significantly (P < 0.05).
1 Cross refers to parental crosses of Broiler males mated to Broiler females (B × B), Broiler males mated to Giant Jungle Fowl females (B × J), Giant Jungle Fowl males mated to Broiler females (J × B), and Giant Jungle Fowl males mated to Giant Jungle Fowl females (J × J).
2 Means ± SEM. 3 RV:TV = right to total ventricular weight ratio. ment, whereas sex exerted the primary influence on ECG in crosses sired by Giant Jungle Fowl. Differences due to surgical treatment were evident for the B × J birds within 2 wk after bronchus occlusion (28-d ECG), whereas similar changes did not arise until 2 wk later (42-d ECG) for the B × B birds. This apparent delay in the onset of pulmonary hypertension in the B × B group most likely is an artifact caused by removing from the data set the ECG of B × B individuals that rapidly progressed from the onset of PH to terminal ascites. A maternal effect of egg size also may have contributed to the differences between the B × B and B × J groups. The hatch weights (grams) for B × B, B × J, J × B, and J × J chicks were 41.0 ± 0.6, 28.1 ± 0.3, 41.8 ± 0.4, and 30.8 ± 0.5, respectively. The J × B and B × B crosses had the largest hatch weights, whereas B × J had the smallest (P < 0.05). On Days 1, 7, and 14, BW were higher in the J × B birds than in B × J birds for sham females and all males, and on Day 21 for bronchus clamp females (P < 0.05). However, by Day 21 for sham females and all males, and by Day 28 for bronchus clamp females, the B × J birds had grown fast enough to catch J × B birds in BW, and by the end of the experiment B × J birds weighed more than J × B birds (Day 56 BW were 1,617 and 1,474 g, respectively, P = 0.0002). This rapid early 
post-surgery (ECG2). 4 Cross refers to parental crosses of Broiler males mated to Broiler females (B × B), Broiler males mated to Giant Jungle Fowl females (B × J), Giant Jungle Fowl males mated to Broiler females (J × B), and Giant Jungle Fowl males mated to Giant Jungle Fowl females (J × J).
5 The hypothesis tested for sex was: there is no difference in ECG measurements between males and females within a genetic cross, surgery pooled. 6 The hypothesis tested for surgery was: there is no difference in ECG measurements between Bronchus clamp and Sham-operated birds within a genetic cross, sex pooled. 7 ECG measured from base of R to peak of R. 8 ECG measured from peak of R to base of S. 9 ECG amplitude derived by subtracting RS from R b R, duration was not done. 10 ECG measured from base of S to peak of R′. 11 ECG measured from peak of R′ to base of R′. 12 ECG measured from base of S to peak of T. 13 Heart rate for that individual beat extrapolated to 60 s (beats per minute).
*There was a two-way interaction between sex and surgery.
Wave measurement (Wideman and Bottje, 1993) .
To further clarify and quantify the surgical influence on ECG of B × B birds, Figure 2 and Table 3 represent the ECG for birds 4 wk post-surgery, sex pooled. The bronchus clamp birds had a lower R b R amplitude but larger absolute RS, S, SR′, R′R′ b and ST amplitudes than the sham birds. The bronchus clamp birds also had a longer R′R′ b duration and a slower HR when compared with sham birds. In spite of the fact that these birds appeared clinically healthy, their ECG were fully indicative of the onset of PH leading to PHS (Owen et al., 1990 (Owen et al., , 1995a Odom et al., 1991 Odom et al., , 1992 Wideman and Kirby, 1995, 1996; Wideman et al., 1997 Wideman et al., , 1998b . As described earlier, there were no differences in 42-d ECG between surgical treatments for J × J, sex pooled ( Figure 3 , Table 4 ). These results support the data shown in Table 1 and the hypothesis that the RV: TV and ECG of J × J are not affected by occluding one primary bronchus. In contrast, several segments of the J × J male 42-d ECG were elevated in amplitude when compared with the same ECG of J × J females (Figure 4 , Table 5 ). Specifically, the absolute values for RS, S, SR′, and ST amplitudes were larger and the ST duration was longer when J × J males were compared to females, surgery pooled. 4 Sham operated surgical group. 5 ECG measured from base of R to peak of R. 6 ECG measured from peak of R to base of S. 7 ECG amplitude derived by subtracting RS from R b R, duration was not done. 8 ECG measured from base of S to peak of R′. 9 ECG measured from peak of R′ to base of R′. 10 ECG measured from base of S to peak of T. 11 Heart rate for that individual beat extrapolated to 60 s (beats per minute). Direct comparisons of the ECG of genetic crosses, with sex and surgery pooled, are presented in Table 6 . Cross by sex or cross by surgery interactions occurred in 28-d ECG R b R, S, and SR′ amplitudes, 42-d ECG R b R duration and R b R, S, SR′, R′R′ b and ST amplitudes. There were no differences between crosses for 28-d ECG RS and SR′ duration, or 42-d ECG RS duration. The reciprocal cross J × B, had the lowest amplitude and shortest duration for 28-d ECG R′R′ b of all crosses. Heart rates were faster in crosses B × J, J × B, and J × J than B × B for ECGs on both sampling days, although J × J did have a slower HR than B × J or J × B in 42-d ECG. Genetic cross B × B had the longest ST duration of all crosses for ECG on both sampling days. The data in Table 6 do not present a consistent pattern associated with genetic cross. Contributing factors might include heart size, body mass, and body shape. In humans, for instance, voltage of the QRS complex is affected by age, thickness of the chest, and proximity of the heart to the electrodes (Conover, 1992) . In our data set, the J × J heart was 21% (P < 0.05) larger than that of B × B when measured per unit of body mass. This observation is supported by previous findings that Giant Jungle Fowl have greater cardiac output than byproduct males of a Hubbard breeder pullet line (Wideman et al., 1998a) . Differences in the thickness of the chest wall between the genetic crosses were noticeable. All genetic crosses were the same chronological age when the ECG were recorded; however, the B × B cross had substantially more breast meat than J × J or the reciprocal crosses, as has been reported previously for differences in Pectoralis major between broilers and Giant Jungle Fowl (Wall and Anthony, 1995) . In addition to heart size and chest wall thickness, the difference in size of birds in each cross can affect the way the ECG leads intersect the heart. For example, the greatly increased chest width of B × B birds when compared with the reciprocal crosses or J × J birds dictates that the Lead II ECG will evaluate a more diagonal cross section of the B × B heart and a more vertical cross section of the J × J heart.
To identify possible relationships between the ECG and pulmonary hypertension, the amplitudes and durations were regressed on RV:TV ratio using stepwise regression. The R 2 of the resulting regression equations 4 Sham operated surgical group. 5 ECG measured from base of R to peak of R. 6 ECG measured from peak of R to base of S. 7 ECG amplitude derived by subtracting RS from R b R, duration was not done. 8 ECG measured from base of S to peak of R′. 9 ECG measured from peak of R′ to base of R′. 10 ECG measured from base of S to peak of T. 11 Heart rate for that individual beat extrapolated to 60 s (beats per minute). ranged from 0.80 for B × B to 0.09 and 0.11 for the reciprocal crosses and J × J, respectively. The equation derived using all four crosses yielded a R 2 of 0.21. The range of biological variability for RV:TV ratios in normal broilers falls between 0.15 to 0.28, whereas broilers with pulmonary hypertension consistently exhibit RV:TV ratios ranging upward from a low of 0.28 (Cueva et al., 1974; Hernandez, 1987; Huchzermeyer et al., 1988) . The narrow range of RV:TV for B × J, J × B, and J × J (RV:TV ratios ranged from 0.130 to 0.311, 0.160 to 0.350, 0.133 to 0.301, respectively) reflects a low incidence of modest pulmonary hypertension in these crosses, and it was this narrow range of RV:TV values that precluded developing a model to adequately correlate ECG values with marginal pulmonary hypertension. In contrast, the RV: TV range for the B × B cross was 0.139 to 0.528, leading to a highly predictive R 2 . When the RV:TV range was limited to include only values of less than 0.35, the R 2 of B × B (n = 38) was reduced to 0.74, J × B (n = 109) dropped to 0.068, whereas J × J and B × J did not change. When the range of RV:TV was restricted even further, to less than 0.30, R 2 for B × B (n = 34) diminished to 0.28, J × J (n = 75) increased to 0.13 and the reciprocal crosses were no longer solvable (B × J, n = 64; J × B, n = 97). These results indicate that, although there is a strong linear relationship between the ECG and RV:TV ratio in B × B birds, no such relationship exists in the J × J 3 ECG measured from base of R to peak of R. 4 ECG measured from peak of R to base of S. 5 ECG amplitude derived by subtracting RS from R b R, duration was not done. 6 ECG measured from base of S to peak of R′. 7 ECG measured from base of R′ to base of R′. 8 ECG measured from base of S to peak of T. 9 Heart rate for that individual beat extrapolated to 60 s (beats per minute). a-c Means within a row with no common superscript differ significantly (P < 0.05). Means within a row with no superscript had a genetic cross by either sex or surgery interaction.
1 Means ± SEM. progeny due to their resistance to the onset of pulmonary hypertension, as reflected by a narrow range of RV:TV values.
Cumulatively, these observations confirm that electrocardiography can serve as a valuable noninvasive tool for detecting the onset of pulmonary hypertension. In particular, increasingly negative Lead II S wave amplitudes were predictive of pulmonary hypertension when RV:TV ratios rose substantially above 0.30, which, in turn, directly reflects the additional work performed by the right ventricle in developing an elevated pulmonary arterial pressure to propel the cardiac output through the pulmonary vasculature. The initiation of PH (elevated RV:TV ratios) by unilateral bronchus occlusion in the pooled male and female progeny of the B × B, B × J, and J × B crosses, but not in the J × J cross, is consistent with physiological evidence that broilers are inferior to Jungle Fowl in their pulmonary capacity to accommodate increments in vascular resistance or blood flow associated with the onset of PH (Wideman et al., 1998a) . To the extent that the pulmonary vascular volume is related to overall lung volume, and the space available to noninflating avian lungs is dictated primarily by the dimensions of the ribs between which they are inserted, then genetic selection for ever increasing rates of BW gain, coupled with the need to keep frame (skeletal) size relatively constant to maintain compatibility with existing processing plant equipment, potentially has created a mismatch between pulmonary capacity, metabolic oxygen demand, and cardiac output in broiler males and females (Wideman and Bottje, 1993; Wideman, 1997) . Co-selection for similar traits presumably accounts for the diminished sex differences in the ECG wave form and susceptibility to pulmonary hypertension among male and female broilers (B × B), whereas the unselected Jungle Fowl (J × J) remain resistant to pulmonary hypertension and retain the ECG sex differences characteristic of Single Comb White Leghorn domestic fowl. Observations that the B × J and J × B crosses are intermediate between the B × B and J × J for these characteristics provides evidence of a genetic basis for susceptibility to pulmonary hypertension.
